The most frequently used and the best established method of biological dosimetry at present is the dicentric chromosome assay, which is poorly suitable for a mass casualties scenario. This gives rise to the need for the development of new, high-throughput assays for rapid identification of the subjects exposed to ionizing radiation. In the present study, we tested the usefulness of gene expression analysis in blood cells for biological dosimetry. Human peripheral blood from three healthy donors was X-irradiated with doses of 0 (control), 0.6, and 2 Gy. The mRNA level of 16 genes (ATF3, BAX, BBC3, BCL2, CDKN1A, DDB2, FDXR, GADD45A, GDF15, MDM2, PLK3, SERPINE1, SESN2, TNFRSF10B, TNFSF4, and VWCE) was assessed by reverse transcription quantitative PCR 6, 12, 24, and 48 h after exposure with ITFG1 and DPM1 used as a reference genes. The panel of radiationresponsive genes was selected comprising GADD45A, CDKN1A, BAX, BBC3, DDB2, TNFSF4, GDF15, and FDXR. Cluster analysis showed that DC t values of the selected genes contained sufficient information to allow discrimination between irradiated and non-irradiated blood samples. The samples were clearly grouped according to the absorbed doses of radiation and not to the time interval after irradiation or to the blood donor.
Introduction
Biological dosimetry is the quantification of exposure to ionizing radiation by means of measurable biological changes (biological indicators) that take place in the biological system. Based on such indicators, cases of individual exposure to ionizing radiation can be detected and possible consequences of the exposure predicted. This enables the planning of adequate medical treatment, when information from physical dosimetry is not available (Stephan et al. 2007) .
Currently, the most frequently used and the best established method of biological dosimetry is the dicentric chromosome assay (DCA). It has many advantages, such as high specificity for ionizing radiation and low background in the healthy general population (about 1-2 dicentrics per 1000 cells) (Pinto et al. 2010) . Although dicentric chromosomes are unstable and cells bearing such aberrations are eliminated from the circulating lymphocyte pool, the frequency of dicentrics decreases quite slowly with time and reliable dosimetry may be performed even months after irradiation. Another advantage of DCA is that the aberrations are detected in peripheral blood lymphocytes and therefore sampling is low-invasive. Also, since lymphocytes circulate throughout the organism, dosimetry is possible even when only a part of the body was irradiated. (Sullivan et al. 2013) .
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However, the DCA also has its drawbacks, the most serious being the fact that it is time consuming and laborious, and therefore poorly suitable for mass casualty scenarios: To reveal dicentrics, lymphocytes must be induced to division and cultivated for 48 h before scoring can begin (Sullivan et al. 2013) . Moreover, the method requires highly trained and experienced personnel and is therefore difficult to automate. This, together with the time-consuming procedures, results in low throughput. In 2010, the total capacity of biological dosimetry laboratories in the European Union for DCA was 1493 samples in the triage mode (50 metaphases per donor) and 187 samples in the full mode (500 metaphases per donor) per week, excluding the time needed for lymphocyte culturing ). This would be insufficient in the case of a large radiological accident involving thousands of potentially irradiated subjects. In such a situation, the precision of individual dose estimate is less important. An approximate dose estimation or the identification of subjects exposed above or below a given threshold dose would be sufficient to support physicians in providing optimal medical assistance to victims. New assays allowing for rapid identification of exposed subjects are therefore required. Several candidates for new biological dosimetry methods have been proposed, including premature chromosome condensation assay (PCC) (Lindholm et al. 2010) , c-H2AX foci assay (Rothkamm and Horn 2009) , electron paramagnetic resonance (EPR)-based assays (Swartz et al. 2007) , and methods based on protein or metabolic biomarkers (Coy et al. 2011; Leszczynski 2014) . One of the most encouraging new biodosimetry methods is the analysis of gene expression in blood cells at the mRNA level (Amundson et al. 2004; Badie et al. 2013; Chaudhry et al. 2012; Joiner et al. 2011; Kabacik et al. 2011a; Tucker et al. 2012) . Several ionizing radiation-responsive genes have been identified, and different methodological approaches have been proposed involving either microarrays or quantitative PCR (qPCR) (Amundson et al. 2000; Boldt et al. 2012; Dressman et al. 2007; Fachin et al. 2007) . Although this new approach to biological dosimetry is promising, a considerable amount of work still has to be done to complete validation of the new transcriptional biomarkers over the range of possible exposure scenarios. These include investigating the response after different types and doses of radiation, while also taking into consideration the different time intervals since exposure, in order to establish a time window in which reliable dosimetry based on gene expression analysis might be performed.
In the present work, we selected a new panel of radiation-responsive genes and we demonstrated that the analysis of expression of the selected genes allowed for the identification of irradiated blood samples even 48 h after exposure.
Materials and methods

Blood collection and irradiation
Blood samples were collected from three healthy volunteers (one male, two female) with informed consent from all subjects. A total of 15 mL of blood was collected from each donor in S-Monovette lithium heparin tubes (Sarstedt). Each sample was aliquoted into three tubes (5 mL each) and exposed to 0, 0.6, or 2 Gy of X-rays. X-irradiation was carried out at 37°C, with the use of a Smart200 (Yxlon) X-ray defectoscope operating at 200 kV and 4.5 mA, with 3-mm Al filtration, at a dose rate of 1.14 Gy/min. Following irradiation, every tube of blood was divided into four tubes (1 mL of the whole blood per tube), one tube for each time point. RPMI 1640 medium (Sigma) supplemented with 10 % fetal calf serum, 100 units/ml penicillin, and 100 lg/ml streptomycin was added to each tube at a 2:1 ratio to the whole blood. The samples were incubated at 37°C in a humidified incubator with 5 % CO 2 for either 6, 12, 24 or 48 h. After incubation, the samples were centrifuged at 1600 rcf for 10 min. A two mL portion of the supernatant was discarded, and the rest of the sample was flash-frozen in liquid nitrogen and then stored at -75°C until RNA extraction. The schematic representation of the experiment is shown in Fig. 1 .
RNA extraction and analysis of gene expression by qPCR
Total RNA was extracted from blood samples using the RiboPure-Blood Kit (Ambion) according to the manufacturer's protocol including DNase I treatment of the eluted RNA. To assess the concentration and purity of the RNA, a portion of every RNA sample was diluted in TE buffer (pH 8.0) and the absorbance at 230, 260, and 280 nm was measured using Cary 50 UV-Vis spectrophotometer (Varian). All RNA samples used in the subsequent analysis had a concentration over 50 ng/lL, as well as A260/ A280 and A260/A230 ratios over 2.0. RNA integrity was tested by agarose gel electrophoresis. Five hundred nanograms of RNA was converted to cDNA in a 20 lL reaction volume using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies) following the manufacturer's instructions. After completing the reaction, cDNA was diluted to 200 lL with deionized, nucleasefree H 2 O. Subsequently, qPCR was performed in a 20-lL reaction mixture containing 4 lL of the diluted cDNA, 5 lL of deionized, nuclease-free H 2 O, 10 lL of TaqMan Gene Expression Master Mix (Life Technologies), and 1 lL of TaqMan Gene Expression Assay (Life Technologies). The IDs of the TaqMan assays used in the study are given in Table 1 . All reactions were run in duplicate. The ''context sequence'' is the nucleotide sequence surrounding the region to which the probe binds Radiat Environ Biophys (2015) 54: 353-363 355 PCR amplification was carried out using a 7500 Real-Time PCR System (Life Technologies) with an initial 10-min denaturation step at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Relative fold changes in expression were calculated using the DDC t method with ITFG1 and DPM1 as reference controls.
Statistical analysis
A statistical analysis of the obtained data was performed using Statistica 9.0 software (StatSoft). Statistical significance was evaluated by an analysis of variance (ANOVA) followed by a post hoc Tukey's test. Differences were considered statistically significant when the p value was \0.05. Cluster analysis was performed using cityblock (Manhattan) distances and the unweighted pair-group method using arithmetic averages.
Results
Selection of genes used as reference controls
The experiment was performed as outlined in Fig. 1 and described in the Materials and methods section. Blood from three healthy donors was X-irradiated with a dose of 0, 0.6, or 2 Gy, and RNA was extracted after 6, 12, 24, or 48 h after irradiation. Gene expression was measured by reverse transcription quantitative PCR (RT-qPCR) method in which cDNA is amplified and simultaneously detected using fluorescent dyes or probes. The cycle number at which the fluorescence reaches the defined threshold is called the threshold cycle (C t ) or quantification cycle (C q ) and is used for the quantification of the starting amount of cDNA. To normalize for variation in the amount and quality of RNA between different samples, the expression of a target gene is normalized to one or more reference genes, for which the expression is stable at the given experimental conditions. To this end, the C t value of the reference gene is subtracted from the C t value of the target gene. The resulting parameter is called DC t (Schefe et al. 2006 ). Among genes, where expression is considered as a suitable reference control for gene expression-based biological dosimetry, the most frequently used are ACTB, GAPDH, HPRT1, and 18S rRNA (Amundson et al. 2004; Boldt et al. 2012; Budworth et al. 2012; Chauhan et al. 2014; Chi et al. 2013; Fachin et al. 2007; Hyduke et al. 2013; Kabacik et al. 2011a; Manning et al. 2013; Amundson 2008, 2011; Paul et al. 2013; Riecke et al. 2012; Sudprasert et al. 2006) . These genes are also the most often used reference genes in general. Other reference genes were also proposed based on the stability of their expression after irradiation, e.g., DPM1, ITFG1, ERP44, RPS9 (Filiano et al. 2011; Joiner et al. 2011; Tucker et al. 2012 Tucker et al. , 2014 .
In the present work, we compared the variability of expression of five potential reference genes (ACTB, GAPDH, HPRT1, DPM1, and ITFG1). Statistical evaluation by ANOVA showed that X-irradiation did not influence the expression of any gene under study (data not shown). Nevertheless, the standard deviations and variances of C t values for ITFG1 and DPM1 were much lower than for ACTB, GAPDH, and HPRT1 (Table 2) . Therefore, in the subsequent analyses, the C t values of target genes were normalized to the geometric mean of C t values for ITFG1 and DPM1 according to the following formula:
Expression of potential transcriptional biodosimeters
We selected 16 genes, the expression of which was previously reported to be up-or down-regulated in blood cells in response to ionizing radiation: ATF3, BAX, BBC3, BCL2, CDKN1A, DDB2, FDXR, GADD45A, GDF15, MDM2, PLK3, SERPINE1, SESN2, TNFRSF10B, TNFSF4, and VWCE (Amundson et al. 2003; Boldt et al. 2012; Budworth et al. 2012; Filiano et al. 2011; Grace and Blakely 2007; Kabacik et al. 2011a, b; Li et al. 2011; Riecke et al. 2012; Tucker et al. 2014) . Expression of these genes was analyzed by RT-qPCR at 6, 12, 24, and 48 h after X-irradiation with the dose of 0, 0.6, or 2 Gy. The DC t values for each gene were analyzed by two-way ANOVA with the following factors taken into consideration: radiation dose (three levels: 0, 0.6, 2 Gy), time after irradiation (four levels: 6, 12, 24, 48 h). The detailed results of ANOVA for each gene are presented in Supplementary  Table 1 . Both factors had a statistically significant impact on mRNA level of the following genes: GADD45A, CDKN1A, MDM2, SESN2, BAX, DDB2, ATF3, PLK3, GDF15, TNFSF4, TNFRSF10B. The expression of these genes increased with dose and decreased with time. For BBC3 and FDXR, only the radiation dose had a significant impact on their expression, which increased with dose. In the case of BCL2, SERPINE1, and VWCE, only the time factor had a significant impact on the mRNA level (the expression decreased with time). There was no significant interaction between the dose and time factors for any of the genes under study. In Figs. 2 and 3 , mean DC t values for each gene are shown and dose-related differences significant in post hoc Tukey's test are marked. It is noteworthy that only for TNFSF4, a significant difference between doses of 0.6 and 2 Gy has been observed. Mean fold change values for each gene are given in Table 3 .
For the subsequent analysis, we selected genes for which at least twofold changes in expression were observed for all time points for at least one dose tested. Eight genes met the criteria: GADD45A, CDKN1A, BBC3, BAX, DDB2, GDF15, TNFSF4, and FDXR.
Cluster analysis
To check whether the DC t values of the selected panel of genes give sufficient information to differentiate between the irradiated and non-irradiated samples and between different doses of radiation, we performed cluster analysis resulting in the tree diagram presented in Fig. 4 . In the diagram, two main clusters can be seen, the first one containing the non-irradiated samples and the second one containing the irradiated samples. Inside the first cluster, two smaller clusters were formed, composed of the samples analyzed 6 and 12 h after irradiation or 24 and 48 h after irradiation. The irradiated samples from all time points form a distinct cluster that includes two minor clusters: one consisting of samples irradiated with 2 Gy and the other consisting of samples irradiated with 0.6 Gy (and one misclassified 2 Gy sample). As can be seen, the information from the DC t values of the selected genes was sufficient to distinguish between the irradiated and nonirradiated samples. The samples were clearly grouped according to the absorbed doses of radiation but not to the time interval since irradiation nor to the blood donor.
Discussion
In the majority of qPCR experiments, the mRNA level of the target gene is quantified in relation to the mRNA level of one or more reference genes. Thus, the appropriate choice of reference gene(s) is important to minimize variation and obtain reliable results. In our experimental setup, the commonly used reference genes, such as ACTB, GAPDH, or HPRT1, were not the best choice for the analysis of gene expression in blood cells in response to ionizing radiation. Genes ITFG1 and DPM1 previously used by Tucker et al. (2012; 2014) and Joiner et al. (2011) showed a lower variability in expression than ACTB, GAPDH, and HPRT1 and therefore were used for normalization in our study. A very interesting approach to the problem of normalization of mRNA level was proposed by Forrester and Sprung (2014) , who normalized the mRNA level of radiation-modulated transcripts to the level of radiation-independent transcripts from the same gene. Although this innovative approach is potentially very useful, more work is needed to characterize and validate the radiation-dependent and radiation-independent transcripts for each gene of interest.
Many analyses concerning the usefulness of gene expression data for biological dosimetry purposes are based on the fold change in expression between irradiated and non-irradiated samples El-Saghire et al. 2013; Filiano et al. 2011; Kabacik et al. 2011a; Riecke et al. 2012) . This is an impractical approach since in the real scenario of a large-scale radiation accident, the data for non-irradiated samples from each donor will not be available and the computing of fold changes will not be possible.
To overcome this problem, in our analysis, we used DC t values, the approach used previously by Tucker et al. (2012 Tucker et al. ( , 2013 Tucker et al. ( , 2014 . Our results confirmed that this approach is correct since the cluster analysis based on DC t values of selected genes has been able to clearly distinguish between non-irradiated and irradiated samples (Fig. 4) . The analysis was not confused by the time that elapsed since irradiation. This indicates that even 48 h after irradiation, the biological dosimetry based on gene expression data may give reliable results. While our analysis was based on in vitro irradiated samples and the conclusions drawn might be limited by the fact that the data from in vitro experiments may not necessarily reflect the conditions of the human body, the data presented by other authors showed that the results of in vitro experiments are in good agreement with the in vivo situation (Amundson et al. 2004; Dressman et al. 2007; Filiano et al. 2011; .
The potential transcriptional biodosimeters analyzed in the present study were chosen based on the literature data. Most of the tested genes were previously shown to be upregulated in response to ionizing radiation but some of them were reported as down-regulated (BCL2, VWCE) Grace and Blakely 2007) . Not all of the tested genes responded to the ionizing radiation in our experimental setup. This may arise from differences in starting material, experimental protocols or doses, and types of radiation. Among radiation-responsive genes, a significant difference between samples irradiated with 0.6 Gy and 2 Gy was observed only for TNFSF4. For the other genes, significant differences were observed between irradiated samples and control samples, but not between samples irradiated with different doses, even though a positive correlation between the dose and mRNA level was observed (Figs. 2, 3) . This lack of a sharp difference between samples irradiated with different doses is reflected in the cluster analysis, where one of the samples irradiated with 2 Gy is grouped with 0.6 Gy samples (Fig. 4) . This result is in agreement with the data published by other Fig. 2 Mean and 0.95 confidence interval of DC t values for radiation-responsive genes included in the panel. a denotes statistically significant difference in post hoc Tukey's test versus mock-irradiated samples (0 Gy), b denotes statistically significant difference in post hoc Tukey's test between 0.6 and 2 Gy authors, from which it appears that gene expression analysis performs better in distinguishing between irradiated and non-irradiated samples than in predicting the actual absorbed dose Filiano et al. 2011; Joiner et al. 2011; Manning et al. 2013; Riecke et al. 2012; Tucker et al. 2013 Tucker et al. , 2014 . This leads to the question concerning the minimal radiation dose necessary to induce gene expression changes marked enough to allow for the identification of irradiated blood samples. Our results showed that this dose is clearly below 0.6 Gy, whereas other authors reported significant changes in gene expression in blood cells at doses as low as 0.02 Gy (Manning et al. 2013) or even 0.005 Gy (Nosel et al. 2013 ). Further research is needed to define the sensitivity of biodosimetry assay based on gene expression analysis and the minimal absorbed dose that can be detected. Genes for which at least twofold changes in expression were observed for all time points for at least one dose are given in bold From among the genes significantly up-regulated by irradiation, eight that showed the most pronounced response were selected for further analysis as a panel potentially useful for biological dosimetry purposes. Similar panels were previously tested by other groups and although our panel composition is unique, significant overlapping with other panels is apparent Boldt et al. 2012; Joiner et al. 2011; Riecke et al. 2012; Tucker et al. 2014) . Our results support the idea that a panel of selected genes may be sufficient for an estimation of the absorbed radiation dose or, at least, for distinguishing between samples exposed above or below a given threshold dose. The latter would be essential in triage after an incident involving exposure to radiation of a large group of people. The analysis of a modest group of genes is far more straightforward and cheaper than the microarray analysis of a large group of transcripts that was also proposed for biological dosimetry purposes (Dressman et al. 2007; Meadows et al. 2008; Paul and Amundson 2008) .
Some papers also showed that miRNA level in blood may be affected by ionizing radiation and that it can be used for biological dosimetry (Cha et al. 2009; Chaudhry et al. 2012; Cui et al. 2011; Jacob et al. 2013 ). This issue was not addressed in the present paper, but we agree that change in miRNA expression might be a potentially useful biodosimetry marker and we plan to perform additional experiments aiming at validation of such miRNA markers and including them in our panel.
The level of transcripts used for biodosimetry purposes may be affected by a variety of confounding factors, such as infections and inflammatory diseases, cigarette smoking, age, sex, genetic polymorphisms. Experiments on mice performed by Tucker et al. (2012) showed that although the expression levels of some genes useful in biological dosimetry are altered by the bacterial endotoxin lipopolysaccharide (LPS), the gene expression analysis may still have utility in biodosimetry even in the presence of a systemic infection. Similar conclusions were drawn by Budworth et al. (2012) , who employed the model of human blood irradiated in vitro with the inflammatory stress mimicked by LPS. Certainly, much more research on this issue is needed to validate a reliable and accurate biological dosimeter based on gene expression.
During development of a biological dosimeter based on transcriptional biomarkers, one must consider the type of material to be used for the analysis. RNA could be isolated from the whole blood, total white blood cells (WBC), or their particular type, as well as from plasma or serum if circulating miRNA is to be analyzed. In many papers, gene expression changes after irradiation were analyzed in isolated WBC or lymphocytes Chauhan et al. 2014; Dressman et al. 2007; Fachin et al. 2007; Joiner et al. 2011; Kabacik et al. 2011a; Knops et al. 2012; Meadows et al. 2008; Paul and Amundson 2008; Riecke et al. 2012) . This is reasonable, since in the course of their development, erythrocytes lose their nuclei which prevents them from responding to internal and external stimuli by altering gene transcription and mRNA abundance and makes them useless for biological dosimetry. However, the isolation of WBC is possible only from fresh, non-frozen blood. It could be problematic to perform the isolation under field conditions and thus it would require transport of blood samples to the laboratory. During the transport and handling of non-frozen and non-stabilized blood, gene expression in cells would be subjected to change, which could confound the subsequent analysis. Therefore, in the present paper, we successfully tested a different approach. RNA for gene expression analysis was extracted from the whole blood which was frozen immediately after incubation and stored in -75°C. This approach allows for preservation of gene expression signature at the moment of blood collection. The blood can be then stored and transported in a frozen state to the place where the RNA extraction and gene expression analysis is to be performed. An alternative approach, probably even more practical in field conditions, includes the use of different RNA stabilization reagents that are able to immediately lyse all blood cells and protect RNA from degradation allowing for sample transport and storage at room temperature for several hours or even days (Williams 2010) .
Taken together, in the present study, we have selected and tested a new panel of radiation-responsive genes proving its usefulness for biological dosimetry purposes. Our results confirm that the analysis of expression of a carefully selected group of genes can provide sufficient information to discriminate between irradiated and nonirradiated blood samples. Further research is needed to identify the minimal absorbed radiation dose that can be detected by gene expression analysis and to define the impact of potential confounding factors on the reliability of the transcriptional biomarkers-based biological dosimetry.
